Intensive researches in the area of metasurfaces have provided a new insight to obtain flat and compact optical systems. In this letter, we numerically show that, highly efficient tunable beam steering effect in transmission mode is achieved at wavelength λ = 550 nm using nematic liquid crystals (LCs) infiltrated into double sided metasurfaces. Using the electrooptical feature of LCs, the phase profile of the metasurfaces is controlled and thus, the transmitted beam is deflected within the range from -15˚ to 15˚ steering angles. Transparent dielectric materials are used in the designed structure that provides highly efficient beam-steering; the corresponding transmission efficiency is above 83% in the visible spectrum, which is another superiority of the proposed hybrid tunable structure over present plasmonic/metamaterial approaches. The designed metasurface still preserves its beam deflection property covering the visible spectrum and hence, such hybrid structure can be implemented for broadband electro-optically controllable beam steering applications.
INTRODUCTION
etasurfaces are ultra-thin planar optical components and yet, they still perform very well at manipulating the phase, amplitude and polarization of the incident light with subwavelength spatial resolution; light focusing metalenses [1] [2] [3] , holograms [4, 5] , beam steering [6] , and polarization manipulation devices [7] have been demonstrated by using metasurfaces. One of the most attractive property of metasurfaces is the capability of engineering wavefront phase profile by spatially arranging the nano-scattering elements with a subwavelength periodicity and different dimensions [8, 9] . Due to high absorption losses of metallic metasurfaces, high-aspect ratio silicon nano-pillars were considered as the common material choice in the designs at short wave infrared and near infrared regions of the electromagnetic spectrum [2] . To get high transmission and to enable 0-2π phase shift on the transmitted beam at the visible region of the spectrum, titanium-dioxide-based designs have been proposed [1, 3] . Two-dimensional nature and subwavelength thickness of metasurfaces make them a great candidate for reconfigurable and tunable optical elements. In order to achieve reconfigurable metasurface properties, different approaches have already been studied; researchers have considered mechanically tunable dielectric metasurfaces based on elastic substrates [10] , refractive index tuning via thermo-optic effects [11] , phase change materials [12] , and electrically driven carrier accumulation [13, 14] . Electrically tunable liquid crystals (LC) have also been used to demonstrate tunable focusing lenses [15] [16] , and tunable alldielectric metasurfaces [17] . However, most of the metasurface-related studies with LCs were either at infrared spectrum or they were based on tuning the background index of the resonators.
METHODOLOGY
Apart from above approaches, a novel hybrid structure is offered in this study, in which case the tunability feature relies on the electrical control of the combined meta-elements integrated with liquid crystals. The proposed tunable metalens structure is composed of hexagonal lattice SiO 2 [18] nanoholes infiltrated with nematic LCs. By the help of electrooptical property of anisotropic LCs, the designed metasurface structure provides tunable beam steering when the applied voltage is altered in high temperature. Nematic LCs possesses two refractive indices; namely, ordinary (n o ) and extraordinary (n e ) refractive indices and the effective index of LCs could be arranged in accordance with their molecular orientations, θ LC . By the help of effective refractive index change created using molecular LC orientations, corresponding phase accumulation of output waves can be tuned and thus, the desired phase equation becomes controllable. The studied LC molecules are phenylacetylene, whose ordinary and extraordinary refractive indices equals n o =1.628 and n e =2.105 at 550nm wavelength [19] . In order to obtain the desired phase shift, we selected the LCs having a high birefringence change (i.e. Δn = n e -n o ). The studied LCs have positive dielectric anisotropy. Therefore, LCs can be used like phase shifter unit cell for incident light. The effective index of LCs for transverse magnetic (TM) polarization is given by the following equation [20] :
The relationship between θ LC . and the control voltage V is stated as the following:
where V c is critical voltage and V 0 is the constant parameter. The studied structure is composed of nanoholes on a glass substrate infiltrated with the nematic LCs. Such type of dielectric metasurfaces with high-aspect ratios can be fabricated via atomic-layer deposition technique [21] . Moreover, LCs' infiltration could simply be achieved integrating the metasurface with microfluidic channels based on soft lithography with polydimethylsiloxane compounds [22] . Moreover, the pore-sizes of interest are relatively large with a diameter of more than 100nm so that LC phase transitions in the designed tunable metasurface is not strongly influenced with temperature changes [23] . The radii of LCs' cells are varied appropriately to provide phase change between 0-2π, see Fig. 1 . The height of LCs' unit cell is selected as h=1.8µm to capture phase between 0-2π for 550nm wavelength. As shown in Fig. 1(a) , the required beam steering is accomplished by applying external voltage to the two metasurfaces on the top and bottom of the glass substrate. The drilled nanoholes of the metasurfaces form hexagonal lattice and corresponding lattice constant is 250nm. (Fig. 1(b) ). The LCs' unit cells behave as short waveguides due to their relatively high height which provides the incident wave to propagate directly through the cells with high diffractive efficiency [3] . The incoming light is delivered in a controlled manner at a desired angle in the metasurface with phase gradient dφ⁄dx at the interface between two media. The phase profile of metasurface for beam steering is given by:
where ϕ is the deflection angle, λ is the wavelength of the incident beam in the free space. In this study, double metasurface layers are placed at the top and bottom of the glass substrate: The phase profile of bottom surface φ(x) is created by Eq. 3; however, the phase profile of the top surface is obtained by 2π -φ(x).
Corresponding positions of drilled holes on metasurfaces are formed according to the required phase profiles, see the xzcross-sectional view of the upper metasurface in Fig. 1(b) . As can be seen from Fig. 1(a) , an external voltage is applied separately from indium tin oxide (ITO) layers, which generates electric field in in xz-plane. Based on the voltage excitation, the infiltrated nematic LC molecules are oriented in xz-plane so that the effective indices as well as the phase of LCs' unit cells change accordingly, see the inset of Fig. 1(a) . It is important to note that such hybrid structures requires low-driven voltage input, which can be considered another superiority of the proposed device [24] . The phase of each LCs' unit cell for varying radius and LCs' rotation angle is calculated via finite difference time domain (FDTD) analyses. Note that full 3D FDTD simulations are performed using the commercial LUMERICAL software package [25] . Figures  1(c) and 1(d) show the phase profile as functions of hole diameter and LC rotation angle, respectively. As can be understood from the figures, increasing the radius as well as the LC rotation angle of the unit cells provides a linear increase in the accumulated phase. Therefore, without changing the dimensions of LCs' unit cells the intended phase accumulation can be controlled by only varying the applied voltage of top and bottom metasurfaces, which is the working principal of the studied tunable beam steering effect. Fig. 2(a) is prepared to visualize tunable beam steering effect of the studied hybrid structure based on different voltage excitations at up/down layers. The phase profile shown in Fig. 2(b) , under the plane-wave illuminations the proposed LC infiltrated all-dielectric metasurface is able to steer the transmitted beam with 15˚(+15˚) deflection angle to be θ up =0˚ and
RESULTS AND DISCUSSIONS
θ down =90˚ (θ up =90˚ and θ down =0˚). On the other hand, while keeping the LCs' rotation angles at the two layers to be the same, the incident beam propagates in vertically along y-direction. Beam steering angle variation of the output beam is investigated in detail depending on the LCs' orientations at top/down layer and the calculations are superimposed as a phase map in Fig. 3 . The following items could be inferred from the map: when the LC rotation angles are the same at both layers, then, the output beam propagates directly, i.e. φ = 0. • ,90
• } and (right) {θ up , θ down }={90
Fixing only the applied voltage at the upper (down) layer but increasing that at the down (upper) layer provides beam steering toward clockwise (counter-clockwise) direction. In keeping with FDTD results in Fig. 2 , (a) steering angle of φ = +15˚(-15˚) is obtained when the LC rotation angles are arranged to be (θ up =0˚ and θ down =90˚) (θ up =90˚ and θ down =0˚). Fig. 3 is prepared to investigate the effect of LCs' dispersive properties on the targeted tunable beam steering effect and to show how broadband the proposed hybrid structure can operate in the visible spectrum. Note that the temperature dependences of LCs' parameters are taken into consideration. For that purpose, the output beam steering angle is calculated at fixed wavelengths for only varying LC orientations either at the upper layer ( Fig. 3(a) ) or at the bottom layer ( Fig. 3(b) ) but keeping the other layer's LC angles to be 0˚. The figure confirms that the maximum tunability in beam steering effect (φ = ±15˚) is obtained at 550 nm wavelength and a reasonable tuning is still obtained for 450 nm (φ = ±11˚ beam steering). Nevertheless, at longer wavelengths near infrared (around 650 nm), the calculated beam steering is φ = ±6˚. That observation indicates that broadband beam steering effect via the proposed hybrid structure is feasible especially at green and blue wavelengths. It is crucial to note that high intrinsic optical and conduction losses may arise if the constituent materials were selected to be either silicon or plasmonic metals. Instead, using transparent dielectric materials provides highly efficient beamsteering; in our case, the corresponding transmission efficiency is above 83% in the visible spectrum, which is another superiority of the proposed hybrid tunable structure over the alternative approaches.
CONCLUSIONS
A double metasurfaces composed of hexagonal lattice nanoholes with nematic LCs' infiltration is proposed for highly efficient and broadband beam steering application. By the help of electro-optical characteristic of LCs, it is numerically proved that the beam deflection can be controlled from φ = -15° to φ = +15° deflection angles by simply varying the low-voltage excitations of the top and bottom metasurfaces. The proposed hybrid metasurface structure is flat and thin. Furthermore, the designed LC infiltrated structure may operate from ultraviolet to terahertz regimes by scaling the corresponding lattice constant and selecting appropriate materials. The proposed system may work in high temperature condition and could be used for high energy laser applications.
